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Summary
How do cooperatively breeding groups resist invasion by
parasitic ‘‘cheaters,’’ which dump their eggs in the com-
munal nest but provide no parental care [1,2]? Here I show
that Greater Anis (Crotophaga major), Neotropical cuckoos
that nest in social groups containing several breeding
females [3], use a simple rule based on the timing of laying
to recognize and reject eggs laid by extragroup parasites. I
experimentally confirmed that Greater Anis cannot recog-
nize parasitic eggs based on the appearance of host egg
phenotypes or on the number of eggs in the clutch. However,
they can discriminate between freshly laid eggs and those
that have already been incubated, and they accordingly eject
asynchronous eggs. This mechanism is reliable in naturally
parasitized nests, because group members typically lay
their eggs in tight synchrony, whereas the majority of para-
sitic eggs are laid several days later. Rejection of asynchro-
nous eggs therefore provides a rare empirical example of
a complex, group-level behavior that arises through rela-
tively simple ‘‘rules of thumb’’ without requiring advanced
cognitive mechanisms such as learning, counting, or indi-
vidual recognition.
Results and Discussion
Conspecific brood parasitism, in which a parasitic female lays
her eggs in the nest of a conspecific host, is a common repro-
ductive strategy in many species of birds [2]. Counter-adapta-
tions to parasitism have evolved in several lineages, primarily
involving recognition and rejection of parasitic eggs [4–6].
Avian brood parasites and their hosts have therefore served
as model systems for understanding the evolutionary pres-
sures that give rise to learning, counting, and recognition
[7,8]. However, egg recognition is notably rare in communally
breeding species, in which more than one female will routinely
lay eggs in a single nest and contribute parental care to the joint
clutch. In these systems, the benefits of accepting offspring
that are not one’s own—and the costs of mistakenly rejecting
the wrong offspring—have presumably constrained the evol-
ution of individual recognition and discrimination [9–11]. This
presents anevolutionary paradox that hasgenerated consider-
able theoretical interest [1,12,13] but little empirical data. If
cooperatively breeding birds are unable to recognize their
own eggs, how do they prevent noncooperating parasites
from laying eggs in the communal nest?
Little is known about the frequency of conspecific brood
parasitism in cooperatively breeding birds, primarily because
it is difficult for researchers to discriminate between eggs
laid by group members and those laid by extragroup females.*Correspondence: criehl@princeton.eduIn this study, I used a recently developed technique to isolate
and genotype maternal DNA from cells on the external surface
of the eggshell [14], enabling noninvasive genetic identification
of parasitic eggs. I collected data on group membership and
parasitism from a color-banded, genetically sampled popula-
tion of wild birds and conducted field experiments on the
same population. This study is therefore the first to quantify
conspecific brood parasitism in a cooperative nester, to
show that parasites lay eggs out of synchrony with the hosts
they parasitize, and to experimentally determine the mecha-
nism by which hosts recognize asynchronous eggs.
The Greater Ani is a Neotropical cuckoo that nests on
forested lake and river edges from central Panama to
Argentina. Breeding groups typically consist of either two or
three unrelated, socially monogamous pairs that build a single
nest in which all of the females lay their eggs; lone pairs are
extremely rare. Prior to laying her first egg in the communal
nest, each female ejects any eggs that have already been
laid by her fellow group members. After she lays her first
egg, she typically stops removing eggs. Ejection, therefore,
ceases only when all of the females in the group have begun
to lay, enforcing a tight reproductive synchrony among group
members [3,15]. Incubation begins with the penultimate or
third-to-last egg, and late-hatching nestlings are unlikely to
survive [16]. All of the group members participate in parental
care, including incubation, nest defense, and food delivery to
nestlings. Group members also participate in complex, highly
ritualized group choruses, which may play a role in synchro-
nizing reproduction and strengthening social bonds among
group members [3].
Nest parasitism was common in the study population near
Barro Colorado Island, Panama. Over 4 years (2006–2009),
40% of Greater Ani nests were parasitized by females that
were not members of the social group, accounting for 7% of
all eggs laid in the population (n = 48 broods and 411 eggs
overall). However, parasites were rarely successful: 70% of
parasitic eggs were ejected from the host nest (21 of 30),
whereas fewer than 2% of host eggs were ejected after all of
the host females had begun to lay (6 of 381). This dispropor-
tionate rejection of parasitic eggs was significant (X21 = 196,
p < 0.0001) and was positively correlated with differences in
the timing of egg laying between parasite and host females.
The majority of parasitic eggs were laid several days after
the onset of incubation at the host nest (Figure 1), and the
degree of asynchrony between the parasitic egg and the
host clutch positively covaried with its probability of ejection
(generalized linear mixed model with host nest as a random
effect, controlling for host clutch size and parasitic egg
mass: log likelihood ratio X21 = 6.9, df = 1, p < 0.01). Data
from naturally parasitized nests, therefore, show that Greater
Anis consistently accept parasitic eggs if they are laid in
synchrony with the host clutch but reject them if they are laid
more than a few days after the hosts have completed laying.
Next, I used a series of field experiments to test the mecha-
nism by which Greater Anis recognize asynchronous eggs.
The pattern observed at naturally parasitized nests could be
explained by either of the two mechanisms that have been
posited to explain avian egg recognition: (1) recognition by
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Figure 1. Frequency Distribution of Parasitic Eggs at Naturally Parasitized
Nests, in Relation to the Onset of Incubation at the Host Nest
Day 0 was defined as the day on which incubation began. Parasitic eggs
were either accepted (white) or rejected (black) by hosts. n = 30 parasitic
eggs laid at 21 host nests.
Extragroup Parasitism in a Communal Breeder
1831learning or (2) recognition by discordancy [17]. By the first
mechanism, hosts require a critical time period in which to
learn the appearance of the eggs in their clutch. This mecha-
nism could explain the correlation between asynchrony and
rejection of parasitic Greater Ani eggs, because rejection of
parasitic eggs is expected only if they are laid after the hosts
have imprinted on their own eggs. Individual female Greater
Anis do not lay eggs that are uniform in size or appearance,
and membership in nesting groups changes from year to
year [16]. Therefore, group members would have to relearn
the appearance of all the eggs in the communal clutch during
each new nesting attempt, regardless of the age or experience
of each group member. By the second mechanism, hosts do
not learn the appearance of their eggs. Rather, they simply
reject those that appear dissimilar to the majority of the eggs
in the clutch. Hosts treat the more common egg type as their
own, discriminating against discordant eggs that are more
likely to be parasitic. This mechanism could also explain the
correlation between asynchrony and rejection in parasitic
Greater Ani eggs, because newly laid eggs differ in appear-
ance from those that have already been incubated [3]. Freshly
laid eggs are coatedwith vaterite, awhite, chalky polymorph of
calcium carbonate [18]. This coating is rubbed and abraded
during incubation, gradually revealing the deep blue shell
underneath (Figure 2). Therefore, natural wear on the external
surface of the shell might enable anis to distinguish freshly laid
eggs from those that have already been incubated and to
subsequently eject those that have been laid out of turn.To distinguish between these two hypotheses, I experimen-
tally parasitized host nests with foreign eggs and determined
whether these ‘‘parasitic’’ eggs were accepted or rejected.
To ensure that all foreign eggs were within the range of varia-
tion that would be observed at naturally parasitized nests, I
used real Greater Ani eggs that were collected from unmanip-
ulated nests in the study population. I used a fully factorial,
randomized design in which host nests were parasitized
during either early or late incubation (%2 days orR7 days after
incubation began, respectively) with foreign eggs that appe-
ared to have been laid either synchronously or asynchronously
relative to the host clutch (Figure 3A). This experimental design
ensured that foreign eggs were always in the minority (that is,
host eggs outnumbered foreign eggs in all four treatments)
and that discordancy was tested solely on the basis of cha-
nges in egg phenotype over time.
If recognition cues are learned from the host clutch, I
predicted that hosts would accept foreign eggs in early incu-
bation, but not in late incubation. By contrast, if discrimination
is based solely on the degree of mismatch between host and
parasitic eggs, I predicted that hosts would accept foreign
eggs that appeared to be synchronous with the host clutch,
but not those that appeared to be asynchronous. In support
of the latter hypothesis, eggs that appeared to be asynchro-
nous relative to the host clutch were often ejected from the
communal nest in both early and late incubation, whereas
those that appeared to be synchronous with the host clutch
were always accepted (three-dimensional contingency test,
X24 = 15.1, p < 0.005; Figure 3B). Therefore, the results of this
experiment indicated that female Greater Anis do not need
to learn the appearance of their own eggs in order to recognize
and reject discordant, asynchronous eggs.
Next, I hypothesized that if anis rely solely on laying
synchrony to guide rejection decisions, then they should also
discriminate against nonparasitic eggs that are laid asynchro-
nously relative to the rest of the clutch. However, such situa-
tions are rare under natural circumstances: of 381 host eggs
laid at 48 nests in the study population, only 12 (3.1%) were
laid more than 2 days after incubation began. Therefore, I con-
ducted a second experiment in which I created artificially
asynchronous clutches composed entirely of host eggs. I
randomly selected one egg from each of 10 host clutches on
the first day of incubation and retained it for 6 days, and then
I placed it back in its nest on the 7th day of incubation. This
egg therefore appeared to be freshly laid, whereas the other
eggs in the host clutch had been incubated for all 7 days.
The asynchronous egg was ejected at 5 of the 10 nests,
whereas none of the unmanipulated eggs were ejected (Fis-
her’s exact test, p < 0.001).
Because the majority of parasitic females deposited their
eggs in the host nest so late in incubation that they wereFigure 2. Greater Ani Eggs Change Color over the
Course of Incubation
(A) Freshly laid eggs (day 0) are coated in white vaterite,
which wears off during incubation to reveal the blue shell
underneath. All three eggs in this series were laid by one
female and sequentially removed from the nest (days 0,
4, and 7) in order to illustrate the natural progression of
abrasion on the shell.
(B) A communal nest that was naturally parasitized
during late incubation. The host eggs all show substan-
tial abrasion of the vaterite coating, whereas the freshly
laid parasitic egg (center foreground) is still completely
white.
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Figure 3. Hosts Reject Parasitic Eggs that Are
Not Laid in Synchrony with the Host Clutch
(A) Schematic illustration of the experimental
design. Host nests were artificially parasitized in
either early or late incubation with a foreign egg
(indicated by an arrow) that appeared to have
been laid either synchronously or asynchro-
nously relative to the host clutch.
(B) Results of the experiment showing the
proportion of foreign eggs (+90% confidence
limits) that were accepted by the hosts in each
treatment. Sample sizes (number of host nests
per treatment) are given above each bar.
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1832unlikely to hatch anyway, host rejection of asynchronous eggs
might seem a redundant defense. However, previous work on
this species has shown that egg hatching rates are critically
limited by the number of eggs that can be incubated simulta-
neously in the communal clutch [3]. Hatching rates are
typically low (x = 84%; [3]) and decline sharply with increasing
clutch size, particularly for large clutches. Therefore, Greater
Ani hosts should benefit from removing asynchronous eggs
from the nest even if these eggs never hatch, because their
presence reduces the probability that viable eggs will hatch.
Female Greater Anis frequently ejected eggs that were laid
asynchronously relative to the rest of the clutch, regardless
of whether the egg was laid by a parasite or a host. Mistaken
rejection of host eggs would seem to entail a substantial loss
of fitness; indeed, the evolution of egg and chick recognition
is thought to be fundamentally constrained by the risks and
costs of such errors [19–21]. In this study, I found that the
risk ofmistakenly ejecting a host eggwas relatively low, occur-
ring at only 2% of unmanipulated nests in the study popula-
tion. The cost of ejecting late-laid host eggs should be similarly
low: because the incubation period is brief (11–12 days) and
incubation ceases soon after the first eggs hatch, eggs that
are laid more than 3 days after the onset of incubation are
unlikely to hatch, and those that do are nearly always outcom-
peted by older nestmates [16]. Ejection of asynchronous eggs,
then, could potentially enforce synchrony among group
members in addition to reducing the costs of parasitism by
nongroup members.
A second type of recognition error is also possible in this
species: the ejection of an egg that appears to be discordant
based on the appearance of its shell but that was, in fact,
laid synchronously with the rest of the clutch. The data from
nonparasitized nests suggests that this type of recognition
error does occur, but rarely. Of the six host eggs that were
ejected at unmanipulated nests, four were laid after the onset
of incubation (and probably would not have hatched). This
provides additional evidence that rejection of asynchronous
eggs enforces synchrony within the group and suggests that
the costs of recognition errors are negligible. The risk of
such errors, albeit small, may explain why a substantial
number of parasitic and asynchronous eggs were accepted
by hosts both at naturally parasitized nests and in the experi-
ments.
Alternatively, variation in rejection rates across groupsmight
be due to differences in the age and breeding experience of
group members [22,23]. Although the experiments presented
here show that female Greater Anis do not learn the specific
phenotypes of eggs in the host clutch, they do not rule out
the possibility that longer-term experience may influence an
individual’s ability to detect discordant eggs. First-timebreeders, for example, might be less sensitive than experi-
enced breeders to the appearance of mismatched, asynchro-
nous eggs in the communal clutch.
In summary, this study provides a rare empirical example of
parasitic cheaters in an avian cooperative breeder, a strategy
long predicted by theory. I found that female group-nesting
Greater Anis do not distinguish between egg phenotypes laid
by group members and those laid by extragroup females;
rather, they accept all eggs that appear to have been laid in
synchrony with their own. These findings support previous
theoretical predictions that, in order for communal nesting
systems to be evolutionarily stable, selection should favor
the acceptance of foreign eggs rather than the evolution of
individual egg recognition.
Experimental Procedures
Naturally Parasitized Nests
Greater Anis were studied during four breeding seasons (June–October,
2006–2009) at Gatu´n Lake, Panama, where anis nest in emergent vegetation
along the shoreline. Details of the study area and monitoring methods are
given in previous studies [3,16]. In 2006, six nests were monitored, and 45
adults were trapped in mist nets, color banded, and genetically sampled.
During 2007–2009, 27–58 nests were monitored and 21–30 adults were trap-
ped yearly. In addition, 335 nestlings were color banded and genetically
sampled over the 4 year period. A total of 132 nests were monitored during
the study. However, because the majority was depredated before hatching,
this analysis was restricted to the 48 broods lacking helpers for which I had
complete information on genetic egg maternity, laying sequence, and egg
fate. Of these groups, 35 contained two breeding females (four individuals
total) and 13 contained three breeding females (six individuals total). Group
size did not influence the probability of being parasitized (X21 = 0.02, p > 0.5)
or of rejecting parasitic eggs (X21 = 1.4, p < 0.25). Nests were checked daily; I
considered incubation to have begun if either an incubating adult was
present on the nest or the eggs were warm to the touch.
Genetic Analyses
Maternal DNA was isolated from shed cells and blood stains on the surface
of each egg on the day that it was laid [14], and it was genotyped with 12
polymorphic microsatellite markers developed for the Greater Ani [24].
Details of DNA extraction and genotyping are given in previous studies
[16,24]. I assigned genetic egg maternity to females in communal clutches
with the ‘‘identity check’’ function in CERVUS 3.0 [25,26], a maximum-likeli-
hood-based program for parentage analysis that can also be used to iden-
tify repeat samples from the same individual. Nest parasitism was detected
when the number of unique maternal genotypes in the communal clutch
exceeded the number of breeding females in the social group. Parasitic
eggs were usually easily identified because members of the social group
laid 3–7 eggs per clutch, whereas parasites rarely laid more than one. For
clutches in which parasitism was suspected, samples from all eggs in the
clutch were genotyped again to check for typing error. I then used a poly-
merase chain reaction-based method of molecular sexing to confirm that
the foreign genotype was that of an extragroup female, and not contami-
nation fromone of themales in the social group [27]. Finally, I cross-checked
the genotype of the parasitic egg against the genotypes of all color-banded
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1833birds in the study population. In all 30 confirmed instances of parasitism, the
parasite’s genotype differed from that of any of the breeding females in
the social group at a minimum of two loci (typically at multiple loci).
Experimental Design
For all experiments, nests to be manipulated were chosen at random from
the study population; no nest was manipulated more than once. I collected
naturally ejected eggs from underneath nests in 2006 to use in subsequent
experimental manipulations (‘‘donor’’ eggs). Ejected eggs were weighed,
and the contents were drained through a small hole drilled in one end of
the shell. Prior to being used in experiments, the empty shells were refilled
to their original mass with water, and the hole was closed by gluing on
a small piece of shell. Nests were checked daily following the addition of
the donor egg to determine whether it was accepted or ejected by the hosts.
Eggs that were relocated under the nest were considered to have been
ejected; those that vanished were considered to have been depredated.
This provided a potentially conservative measure of the number of eggs
ejected by hosts, because it is possible that some eggs could have been
depredated after being ejected (and incorrectly excluded). If the donor
egg remained in the host nest for more than 2 days, it was counted as
accepted. Two days was chosen as the cutoff time because, at naturally
parasitized nests, parasitic eggs that remained in the host nest for longer
than 2 days were never ejected. Statistical analyses and additional details
of the experimental manipulations are given in the Supplemental Experi-
mental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and can be found with this article online at doi:10.1016/j.cub.2010.09.005.
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